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dDepartment of Diagnostic and Interventional Radiology, University Hospital Heidelberg, Heidelberg, GermanyAbstractObjective: The left ventricle (LV) is routinely assessed with cardiac magnetic resonance imaging (MRI) by using short-axis orientation; it
remains unclear whether the right ventricle (RV) can also be adequately assessed in this orientation or whether dedicated axial orientation is
required. We used phase-contrast (PC) flow measurements in the main pulmonary artery (MPA) and the ascending aorta (Aorta) as non-
volumetric standard of reference and compared RV and LV volumes in short-axis and axial orientations.
Methods: A retrospective analysis identified 30 patients with cardiac MRI data sets. Patients underwent MRI (1.5 T or 3 T), with
retrospectively gated cine steady-state free-precession in axial and short-axis orientations. PC flow analyses of MPA and Aorta were used as
the reference measure of RV and LV output.
Results: There was a high linear correlation between MPA-PC flow and RVestroke volume (SV) short axis (r ¼ 0.9) and RV-SV axial
(r ¼ 0.9). Bland-Altman analysis revealed a mean offset of 1.4 mL for RVaxial and e2.3 mL for RVeshort-axis vs MPA-PC flow. There was
a high linear correlation between Aorta-PC flow and LV-SV short-axis (r ¼ 0.9) and LV-SV axial (r ¼ 0.9). Bland-Altman analysis revealed
a mean offset of 4.8 m for LV short axis and 7.0 mL for LV axial vs Aorta-PC flow. There was no significant difference (P ¼ .6) between
short-axiseLV SV and short-axiseRV SV.
Conclusion: No significant impact of the slice acquisition orientation for determination of RVand LV stroke volumes was found. Therefore,
cardiac magnetic resonance workflow does not need to be extended by an axial data set for patients without complex cardiac disease for
assessment of biventricular function and volumes.ResumeObjectif : L’evaluation du ventricule gauche (VG) par imagerie en resonance magnetique (IRM) s’effectue habituellement en plan petit axe;
il n’est toutefois pas demontre si une evaluation adequate du ventricule droit (VD) peut egalement se faire selon cette approche ou s’il est
necessaire d’avoir recours a une coupe axiale dediee dans ce cas particulier. Nous avons utilise les mesures du debit en contraste de phase
dans l’artere pulmonaire principale et l’aorte ascendante comme point de reference non volumetrique et compare les volumes du VD et du
VG mesures en coupes petit axe et axiales.
Methodes : Trente patients pour lesquels des donnees d’IRMcardiaqueetaient disponibles ontete identifies lors d’une analyse retrospective. Les
patients ont subi un examen IRM (1,5 Tou 3 T) en sequence cine SSFP avec synchronisation retrospective, en orientation axiale et petit axe. Les
analyses en contraste de phase du debit arteriel pulmonaire et aortique ont servi de mesure de reference du debit ventriculaire droit et gauche.* Address for correspondence: Sebastian Ley, MD, Toronto General
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214 S. H. James et al. / Canadian Association of Radiologists Journal 64 (2013) 213e219Resultats : Une forte correlation lineaire a ete observee entre la mesure en contraste de phase du debit arteriel pulmonaire et la mesure du
volume systolique du VD en coupe petit axe (r ¼ 0,9) et en coupe axiale (r ¼ 0,9). Une analyse de Bland-Altman a revele un ecart moyen de
1,4 ml pour la mesure du volume systolique du VD en coupe axiale et de e2,3 ml en coupe petit axe par rapport a la mesure du debit arteriel
pulmonaire en contraste de phase. Une forte correlation lineaire a ete observee entre la mesure du debit aortique en contraste de phase et la
mesure du volume systolique du VG en coupe petit axe (r ¼ 0,9) et en coupe axiale (r ¼ 0,9). Une analyse de Bland-Altman a revele un ecart
moyen de 4,8 ml pour la mesure du volume systolique du VG en coupe petit axe et de 7,0 ml en coupe axiale par rapport a la mesure du debit
aortique en contraste de phase. Aucune difference significative (P ¼ 0,6) n’a ete observee entre les mesures du volume systolique du VG et
du VD en coupe petit axe.
Conclusion : Aucun effet significatif de l’orientation du plan d’acquisition sur la determination du volume systolique du VD et du VG n’a ete
demontre. Il n’est donc pas necessaire d’inclure une sequence d’acquisition supplementaire en axial lors d’une IRM cardiaque pour
l’evaluation de la fonction et des volumes biventriculaires chez les patients ne souffrant pas de cardiopathies complexes.
 2013 Canadian Association of Radiologists. All rights reserved.
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(LV) volume and function by cardiac magnetic resonance
imaging (MRI) is routinely performed on patients with
a wide range of congenital and acquired cardiovascular
diseases by using cine steady-state free-precession (SSFP)
sequences [1]. The acquisition of a stack of short-axis
orientation (SAO) cine SSFP images is accepted as the
standard approach for the assessment of LV volume. This
approach also facilitates the evaluation of regional wall
motion by using the American Heart Association segmental
model [2]. In contrast, there is continued debate regarding
the optimal slice prescription for RV volumetric assessment.
The RV has a relatively complex geometry and an anterior
position, which makes assessment challenging by echocar-
diography and by cardiac MRI [3]. Initial validation of RV
volumes by using cardiac MRI was performed by using cine
SSFP data acquired in the SAO [4e7]. However, subsequent
studies by Alfakih et al [8] and Strugnell et al [9] demon-
strated a lower interobserver variability in the determination
of RV volumes when using axial cine SSFP data compared
with SAO cine SSFP. These previously published investi-
gations relied upon LV volumes derived from the identical
data set as the standard of reference and, as such, did
not use an independent standard of reference for quality
control.
To date, it remains unclear which slice orientation
provides better overall assessment of RV functional param-
eters, such as stroke volume (SV) and ejection fraction (EF).
Clarification of this uncertainty would facilitate accurate RV
assessment and influence MRI workflow and efficiency
because additional cine SSFP image series add a substantial
time burden to cardiac MRI acquisitions. Phase-contrast
(PC) velocity encoded MRI has routinely been applied in
the assessment of central blood flow and ventricular SV
[10,11].
The purpose of this study was to evaluate the accuracy
of RV and LV functional parameters as assessed in axial
and short-axis cine SSFP stacks by using PC flow measure-
ments of the great vessels as an independent standard of
reference.Materials and MethodsPatient PopulationInstitutional research and ethics board approval for this
retrospective study was obtained, and individual patient
consent was not required. The institutional radiology infor-
mation system was searched to provide a list of all patients
who underwent cardiac MRI for assessment of possible
extracardiac shunts between January 1, 2008, and December
31, 2010. Patients with cardiac MRI evidence of an extrac-
ardiac shunt (such as partial anomalous pulmonary venous
return) were excluded and the remaining 30 subjects (8 men)
constituted the study cohort. Intracardiac shunts had been
ruled out by echocardiography. The mean (standard deviation
[SD]) subject age was 43  15 years (range, 20e80 years),
mean (SD) height was 164 10 cm (range, 148e183 cm), and
mean (SD) weight was 70  18 kg (range, 43e126 kg). The
subjects had tricuspid and mitral valve regurgitation ruled out
by two-dimensional transthoracic echocardiography.MRITwenty-seven image data sets were acquired at 1.5 T
(Magnetom Avanto [Siemens Healthcare, Erlangen,
Germany] or Excite [GE, Milwaukee, WI]) and 3 studies at
3 T (Magnetom Verio; Siemens Healthcare). Retrospectively
gated cine-SSFP images (20 or 25 frames; flip angle,
50e75) in axial and short-axis slice prescription were
acquired, with continuous volume coverage and a spatial
resolution of (1.1e1.76)  (1.1e1.76)  (6e8) mm3. All
cine MRI acquisitions were obtained during end-expiratory
breath hold, with a temporal resolution of 29.6e51.1 ms.
Retrospectively gated gradient echo PC flow measure-
ments were performed separately in the main pulmonary
artery (MPA) and ascending aorta (Aorta), with a velocity-
encoding gradient of 150 cm/s when using though-the-
plane velocity encoding and perpendicular positioning of
the slice to the respective vessel of interest. The slice location
for the MPA assessment was at mid distance between the
Figure 1. Sample of right ventricular and left ventricular contours drawn on axial orientation cine steady-state free-precession images. This figure is available in
colour online at http://carjonline.org/.
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and left pulmonary arteries. The slice location of the aortic
flow was at the level of the sinotubular junction. These
examinations were performed during an end-expiratory
breath hold. Examination parameters included the
following: a spatial resolution of (1.1e1.9)  (1.3e2) mm,
a slice thickness of 6e8 mm, the shortest possible echo time
(2.0e3.8 ms), and a temporal resolution of the PC flow
assessment between 35 and 48 ms.Image Postprocessing and AnalysisComplete data analysis for each patient was performed by
using commercially available semiautomated postprocessing
software, either ventricular function and flow of Syn-
goARGUS (on a stand-alone syngo multimodality work
place, version VE36A; Siemens Healthcare) (n ¼ 25) or
MASS Ver. 5.2 (MEDIS, Leiden, Netherlands) (n ¼ 5). As
a first step, the end-diastolic and end-systolic frames were
independently chosen for the LVand RV segmentation. After
semiautomated segmentation and demarcation of end dia-
stolic and end systolic contours for the LV and RV on axial
and short-axis cine SSFP data sets, manual correction was
performed by a single experienced observer (S.H.J.).Figure 2. Sample of right ventricular and left ventricular contours drawn on sh
available in colour online at http://carjonline.org/.Endocardial contours of both ventricles were drawn
according to established criteria, with papillary muscles
included in the ventricular volumetric measurement
(Figures 1 and 2) [4,8,12,13]. Additional ventricular func-
tional parameters, the end-diastolic volume (EDV), end-
systolic volume (ESV), SV, and EF were recorded.
A flow analysis of PC data sets was performed at least 7
days after the volume analysis by semiautomated contouring
of the vessel border with manual correction whenever
necessary. The data sets were analysed in random order, with
the observer blinded to the results of volumetric analysis.
The derived net forward flow was used as the standard of
reference for comparison with the SV obtained from cine
SSFP data sets. Evaluation of all the data sets was done on
separate occasions, and the results of other quantifications
done by using the same data set were not visible.Statistical AnalysisAll continuous variables are given as mean (SD) values.
Statistical analysis was carried out by using a commercially
available software package with P values <.05 as statisti-
cally significant (Medcalc Ver. 11 for Windows; MedCalc
Software, Mariakerke, Belgium). The Wilcoxon signed rankort-axis orientation cine steady-state free-precession images. This figure is
Table 1
SVs of the RV and LV based on axial and short-axis orientation
Parameter Mean (SD) (range), mL
Pearson correlation coefficient;
P value (SOR)a ICC (95% CI)b
RV-SV axial 84  20 (52e133) 0.9; <.001 (MPA-PC) 0.88 (0.76e0.94)
RV-SV short axis 81  20 (45e128) 0.9; <.001 (MPA-PC) 0.89 (0.78e0.94)
LV-SV axial 84  23 (48e137) 0.9; <.001 (Aorta-PC) 0.82 (0.55e0.92)
LV-SV short axis 82  19 (46e128) 0.9; <.001 (Aorta-PC) 0.86 (0.68e0.94)
Aorta ¼ ascending aorta; CI ¼ confidence interval; ICC ¼ intraclass correlation coefficient; LV ¼ left ventricular; MPA ¼ main pulmonary artery; PC ¼ phase
contrast; RV ¼ right ventricular; SD ¼ standard deviation; SOR ¼ standard of reference; SV ¼ stroke volume.
a The linear correlation coefficient and P value with the respective standard of reference (SOR) is shown in the third column.
b The intermethod agreement between each cine and respective PC flow measurement was calculated by using the ICC.
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and PC-based volumes and for differences in RV and LV
volumes. Linear correlation coefficients were calculated by
using the Pearson correlation. Agreement of SV determined
by cine SSFP and PC was evaluated by using the intraclass
correlation coefficient (ICC). For assessment of systematic or
random differences Bland-Altman plots were used.
Results
Data analysis was successfully performed in all of the
subjects, and detailed results of the data analysis are
provided in Tables 1 and 2.PC Flow MeasurementsPC flow measurements in the MPA and Aorta revealed
average flows of 80  22 mL and 74  19 mL, respectively.
There was an excellent linear correlation between the
measurements (r ¼ 0.9; P < .001). The MPA flow was, on
average, 7%  12% higher compared with Aortic flow
(P < .001).RV Volumetric AnalysisA high linear correlation between MPA-PC flow
measurements and RV SV was demonstrated in axial (r ¼ 0.9;Table 2
EF and EDV of the RV and LV, based on axial and short-axis orientation;
results of the PC flow measurements in the MPA and Aorta are provided
Parameter Mean (SD) (range)
RV-EF axial, % 56  7 (42e67)
RV-EF short-axis, % 55  8 (37e68)
LV-EF axial, % 60  7 (42e72)
LV-EF short-axis, % 62  6 (47e75)
RV-EDV axial, mL 152  41 (96e275)
RV-EDV short-axis, mL 149  45 (92e300)
LV-EDV axial, mL 141  40 (80e239)
LV-EDV short-axis, mL 134  36 (75e240)
MPA-PC, mL 80  22 (51e123)
Aorta-PC, mL 74  19 (43e111)
Aorta ¼ ascending aorta; EDV ¼ end-diastolic volume; EF ¼ ejection
fraction; LV ¼ left ventricle; MPA ¼ main pulmonary artery; PC ¼ phase
contrast; RV ¼ right ventricle; SD ¼ standard deviation.P < .001) and short-axis (r ¼ 0.9; P < .001) orientations
(Tables 1 and 2). There was no statistically significant
difference between the axial and short-axis RV-SV and the
MPA-PC values (P ¼ .4 and 0.2, respectively) (Table 3). The
results of the ICC are presented in Tables 1 and 2. The
Bland-Altman analysis is shown in Figure 3, which demon-
strates the systematic and random error of the measurements.
A comparison of RV EF obtained in each orientation showed
no statistically significant difference (P ¼ .2) (Table 2).LV Volumetric AnalysisThere was a high linear correlation between the LV SV in
axial and SAOs compared with Aorta-PC flow measurements
(r ¼ 0.9; P < .001 and 0.9; P < .001, respectively) (Tables 1
and 2). The LV SV determined in the axial and SAOs and
Aorta-PC flow are given in Tables 1 and 2. The results of the
ICC (Tables 1 and 2) and Bland-Altman analysis (Figure 3)
are shown. There was a mean difference of 5-7 mL (less than
10%) between the LV-SV methods and the Aorta PC. This
offset is attributable to the statistically significant difference
between the axial and short-axis LV-SV and the Aorta-PC
values (P ¼ .003 and P ¼ .002, respectively) (Table 3). A
statistically significant difference between the LV EF ob-
tained in the axial and SAO (P ¼ .01) was found.RV and LV ComparisonA comparison of LV SV with RV SV demonstrated no
significant difference between the axial or short-axis acqui-
sitions (P ¼ .2 and .6, respectively) (Table 3).
Discussion
Accurate determination of RV function is critical in the
management of patients with various forms of cardiac
diseases. CardiacMRI provides accurate measurements of RV
function, therefore, there is increasing interest in using cardiac
MRI for this purpose. To date, no published cardiacMRI study
has used a nonvolumetric standard of reference for quality
control to determine which slice orientation is the most
accurate. In this study, PC flow measurements were used as
the internal, nonvolumetric reference standard. PC flow
measurements, therefore, were acquired in theMPA and Aorta
Table 3
Differences in measurements between the various cine acquisitions and the
respective standard of reference (RV, LV, SV, PC flow measurements, EF)
Parameter
Mean (SD) difference
(range) P valuea
RV-SV axial e MPA PC, mL 1  11 (25 to 20) .4
RV-SV short axis e MPA PC, mL 2  10 (20 to 21) .2
LV-SV axial e Aorta PC, mL 7  11 (21 to 29) .003
LV-SV short axis e Aorta PC, mL 5  9 (29 to 19) .002
RV-SV axial e LV-SV short axis, mL 3  10 (14 to 22) .2
RV-SV short axis e LV-SV short
axis, mL
1  9 (27 to 16) .6
RV-EF axial e RV-EF short axis, % 1  6 (14 to 15) .3
LV-EF axial e LV-EF short axis, % 2  4 (9 to 8) .01
Aorta ¼ ascending aorta; EF ¼ ejection fraction; LV ¼ left ventricle; MPA
¼ main pulmonary artery; PC ¼ phase contrast; RV ¼ right ventricle; SD ¼
standard deviation; SV ¼ stroke volume.
a Calculated by using the Wilcoxon signed rank test for paired data
(P < .05 was considered significantly different).
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experiments demonstrated that the flowmeasurements provide
an accurate assessment of blood flow [14,15]. In the absence of
an intra- or extracardiac shunt or valvular regurgitation, the
measured flows in the MPA and Aorta should match the
respective stroke volumes of the RVand LV.Minor differences
inAortic flowmay be explained by the variable coronary blood
supply reported to represent 5.2%  1.6% or 6.3% (range,
2.5%e14%) of the cardiac output [16,17].
Other aspects that can cause miscalculation of cardiac
output in PC flow measurements are velocity offset errors
[18]. These errors can be up to 5% of calculated cardiacFigure 3. Bland-Altman plots, demonstrating the systematic and random error of
MPA PC. (C) LV-SV axial vs Aorta PC. (D) LV-SV short axis vs Aorta PC. Aort
PC ¼ phase contrast; RV ¼ right ventricular; SD ¼ standard deviation; SV ¼ stroutput. So far, there is no meaningful or accepted way to
correct for these errors, even worse, if this offset correction is
done incorrectly, then it introduces even larger errors.
Therefore, this potential issue with results of PC flow
measurements was not addressed in this work.
In this study, there was no significant difference in the RV
SV between the axial and short-axis cine SSFP acquisitions.
Also, there was no statistically significant difference in the
RV-SV measurements when using the axial and the short-
axis orientations in comparison with the mean values of
MPA PC, which results in a high linear correlation. The RV
SVobtained (average RV-SVaxial of 84 mL and short axis of
81 mL) are within the normal published range for cine SSFP
(RV-SV axial, 92 mL [8]; RV-SV short axis, 87e92 mL
[8,19]; 78 mL female [20], 98 mL male [20]). In contrast to
the study by Alfakih et al [8], in our study, the 95% limits of
agreement are comparable between the axial and short-axis
RV SV and MPA PC. The ICC was even slightly better for
the short-axis acquisition. Therefore, our results demonstrate
a comparable or better agreement with the external reference
for the SAO acquisition.
Manual contouring of the RV in the SAO is not routinely
performed in some centers and thus can be prone to errors.
Specifically, it is recognized that the right atrioventricular
valvular plane can be difficult to identify in the short-axis
orientation due to errors imposed by through-plane motion
and partial volume artifact [8]. In this study, manual contouring
of the RVvolume in the SAO appeared to takemore time during
postprocessing than contours drawn in the axial orientation.
The time saved by omitting the axial cine SSFP sequencewhenthe measurements. (A) RVand LVaxial vs MPA PC. (B) RV-SV short axis vs
a ¼ ascending aorta; LV ¼ left ventricular; MPA ¼ main pulmonary artery;
oke volume. This figure is available in colour online at http://carjonline.org/.
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in a net saving of time and scanner resources as well as
increases patient comfort.
The LV volumetric measurement (average LV SAO, 82 ml)
correlated to normal published cine SSFP reference values
(LV-SV short axis: 86 mL female, 108 mL male) [20e23].
This study revealed that PC flow analysis of the Aorta showed
high linear correlation between the cine SSFPederived LV SV
from both orientations. However, LV-SV values derived from
both slice orientations demonstrated a mean difference of
5-7 mL (less than 10%) when compared with the Aorta PC.
We believe that this difference is partially attributable to
coronary artery flow (mean, 5.2%e6.3% of cardiac output),
which only affects the PC flow measurements because they
are also acquired during diastole when the coronary flow
occurs [16,17].
The volumetric acquisition of the cine image series is
highly dependent on a reproducible respiratory position for
each of the 12e15 slices required to cover the complete
ventricle. It has been shown that expiratory breath-hold
positions show a higher stability and reproducibility than
inspiratory breath holds but a shorter period of arrested
respiration [24]. In addition, pulmonary arterial and aortic
flow is reduced during an inspiratory breath hold compared
with an expiratory breath hold or with a free-breathing
acquisition [25]. This reduction in flow is attributable to
a Valsalva maneuver that all patients perform. The degree of
this Valsalva maneuver might be different between 2 adja-
cent slices, which leads to variation in measured cardiac
volumes. This issue is avoided by performing image acqui-
sition during an expiratory breath hold.Limitations of the StudyThe retrospective nature of this study design is a recog-
nized limitation. The study cohort were not normal healthy
volunteers, which may also be a weakness; however, our
subjects had extra- and intracardiac shunts ruled out by
cardiac magnetic resonance and echocardiography. Also, our
findings only apply to patients with conventional cardiac
anatomy, and these findings may differ for patients with
congenital heart disease.Conclusion
Our study demonstrates that the choice of slice acquisi-
tion orientation had no significant impact on the determi-
nation of RV and LV functional parameters. The anticipated
benefit of our study would be to alter current clinical prac-
tice in patients with conventional cardiac anatomy by
acquiring only 1 MRI data set in the SAO to enable the
volumetric analysis of both ventricles from a single acqui-
sition. Eliminating the axial data set would shorten cardiac
MRI acquisition time by 15 minutes, thereby improving
patient comfort and workflow efficiency in the MRI
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